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Abstract 
The development of a facility for the generation and deposition of molten metal droplets of small size (on the order of 1 mm) is 
described. The facility will allow accurately synchronize the instants at which the micro droplets are generated and fall in the 
vertical deposition direction (Z axis) with the movement (X and Y axes) of the substrate located below the micro-droplet 
generator. A great challenge of this type of processes is to find optimal operating conditions that allow us to manufacture with 
sufficient accuracy tridimensional metallic micro structures, more or less complex, which can be of interest in the electronic or 
additive manufacturing industry. These optimal conditions are affected by many factors including the oxidation phenomena that 
usually occur in many liquid metals. These oxidation phenomena tend to form an oxide layer on the molten metal surface 
exposed to the ambient air, which may greatly modify the viscosity, wetting capability or surface tension of the liquid droplet. A 
detailed analysis of the effect of the oxygen content in the atmosphere where the experiments are made on the outcome of the 
droplet impact on a solid surface is carried out in this work. The results of this analysis show a strong influence of the surface 
oxidation on the droplet dynamics before and after the impact. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of MESIC 2015. 
Keywords: Molten Metal Micro-Droplets Generator; Oxidation; Deposition; Microfabrication 
1. Introduction 
The industrial interest in the micro-droplet deposition technique began in the 60s with the advancement of the art 
of printing using inkjet, although it was not until the late 90s when this technique was first applied industrially in the 
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additive manufacture of micro-electronic components [1-7]. In this type of processes, precise control of the drop 
deposition behavior is required to correctly build up layers from successive drop impact events and manufacture 
accurate metallic components [8, 9]. It is well known that many metals in liquid state, including that used in this 
work, form an oxide layer in their surfaces exposed to air. This oxide layer may have a strong influence on the 
behavior of the droplet impact against a solid surface [9-13], which must be taken into account to determine the 
optimal operating conditions for the droplet deposition process. The metal oxidation could even seal the nozzle, with 
a typical size on the order of 0.5 mm, through which the droplet exits from the furnace, or promote irregular droplet 
shapes during the deposition that adversely affect the quality of the manufacture components.  In this work, a facility 
for the generation and deposition of molten metal drops of small size is developed. The facility will allow the drop 
oxidation level to be accurately controlled by varying the oxygen content inside the chamber where the drops are 
generated and deposited. To regulate the oxygen content during the experiments, the whole system is confined in a 
chamber where the initial air is partially replaced by continuously injecting nitrogen gas until a certain amount of 
oxygen concentration is reached. The amount of oxygen in the chamber is measured with an oxygen analyzer that 
can detect contents below 10 ppm. To produce the molten metal micro drops, a pneumatic generator, manufactured 
by Simulent Inc., is used [14]. A pressure pulse of nitrogen pushes the molten metal contained in the furnace, 
forcing the generation of a micro drop through the nozzle. The generator can produce droplets of different sizes and 
materials, such as tin or indium, among others. A high-speed camera and a special micro lens are used to visualize 
the deposition of metallic micro drops upon solid substrates for a wide range of operating conditions. This facility 
will be described in detail in Section 2 and the analysis of the influence of the oxygen content in the experimental 
chamber on the droplet behavior before and after the impact against the substrate will be presented in Section 3   
 
2. Experimental facility 
Figs. 1(a) and 2 show, respectively, a photography and a schematic representation of the experimental facility 
used to generate and deposit metallic micro drops. Samples of manufactured column and wall can be seen on Fig. 
1(b). All the experiments were made using a eutectic alloy of composition 32.5% Bi, 51% In and 16.5% Sn (Field’s 
alloy). The melting temperature of this alloy is around 333 K. In the following, a detailed description of the different 













         a       b 
Fig. 1. (a) Photography of the experimental facility used to generate and deposit metallic micro drops; (b) samples of manufactured column (left) 
and wall (right). 
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Fig. 2. Schematic representation of the experimental facility. 
2.1. Droplet generation 
To prevent solidification during the first instants after the droplet impact, the metal has been heated up to 363 K. 
Each molten metal micro drop is released by applying a pressure pulse of nitrogen gas that pushes the molten metal 
contained in the furnace and forces the generation of the micro drop through a nozzle. The nozzle is made of 
stainless steel AISI 316L with an orifice diameter of 0.42 mm, producing droplet diameters of around 1 mm. The 
pressure pulse is generated with the aid of a solenoid valve (ASCO U8256B045V) whose aperture and closure 
sequence is controlled by a pulse generator (based on an Arduino-nano controller). This pulse generator allows the 
elapsed time from the aperture to the closure of the solenoid valve to be adjusted in a range from 4 to 40 ms with a 
resolution of 0.01 ms. In this work, a pulse of nitrogen gas of 0.03 MPa is supplied to the furnace by opening the 
solenoid valve during 5 ms. Then, the gas pressure in the furnace is rapidly relieved with the aid of a vent to avoid 
ejection of jets or multiple droplets. The vent connects the furnace with the ambient air through a tube with a 
diameter of 4.5 mm and length of 105 mm. A needle valve is connected at the end of this tube to get a more accurate 
control of the gas evacuation rate. 
2.2. Droplet deposition 
The droplets are deposited over a substrate that can be moved along the three coordinate axes (X, Y and Z). The 
X and Y coordinate axes are contained in a plane perpendicular to the drop fall path, and the movement along these 
axes is driven by two stepper motors (STANDA) with maximum travel speed of 4 mm s-1 and resolution of 10-3 mm 
over a maximum travel distance of 50 mm. The movement along the Z axis is manually operated, and the distance 
between the nozzle and the substrate is set at 7.5 mm. Under these operating conditions, the drop speed measured 
just before the impact is around 0.3 ms-1. The substrate is a plate with dimensions 70 x 70 mm2 on the deposition 
plane made of stainless steel AISI 316L, with a polished surface (an average roughness of 0.056 Pm was measured 
on the deposition surface). The substrate is mounted on a plate heated at a temperature of 301 K. 
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2.3. Oxidation control 
To control the oxygen content during the experiments, the initial air is partially replaced by continuously 
injecting nitrogen in the chamber until the required oxygen concentration level is reached. The amount of oxygen in 
the chamber is measured with an oxygen analyzer (Oxycomb Bluesky©) that can detect contents below 10 ppm. The 
nitrogen gas flow rate is adjusted by a needle valve to get an oxygen concentration in the chamber in a range 
between 10 and 2700 ppm. The oxygen concentration during the experiments is continuously acquired with a data 
motoring unit (RCO130BK). 
2.4. Visualization 
A high-speed digital camera (Mikrotron Eosens 3CL Full mono) with a micro lens (Qioptiq Optem Zoom 125C) 
were used to capture the images of the impact at a rate of about 1750 frames per second and a resolution of 640x480 
pixels. Back lighting provided by a 100 W led lamp was used. The recorded images were post-processed using the 
software “Optimas Media Cybernetics, Inc.” 
3. Results and discussion 
We present in this section a preliminary analysis of the influence of the oxidation of the molten metal on the 
behavior of the generated droplets before the impact against the substrate and during the droplet spreading along the 
substrate and possible rebound. 
3.1. Droplet behavior before the impact 
The influence of the oxygen content in the chamber on the size and shape of the generated droplets just before the 
impact against the substrate is analyzed in this section. Fig. 3 shows the mean diameter D0 of the droplets as a 
function of the oxygen content in the chamber. The mean diameter of each droplet was measured from the recorded 
image as the average length of the diameters measured at intervals of 2 degrees by joining two outline points that 
passes through the centroid. Fig. 4 shows the roundness of the droplets as a function of the oxygen content in the 
chamber. The roundness R of each droplet was measured using the following expression: R = P2/(4πA), where the 
perimeter P was determined as the length of the outline of the drop using a polygonal outline and the area A was 
determined from the area of the pixels contained in the drop. 
 
Fig. 3.  Effect of oxygen content in the chamber on droplet mean diameter. 
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Fig. 4. Effect of oxygen content in the chamber on droplet roundness. 
 
These results suggest that the surface oxidation of the molten metal may affect significantly the droplets 
generation. Despite the relatively high dispersion of the results, it can be observed from Fig. 3 that the size of the 
droplet continuously increases with the oxygen content in the chamber. Note that, on average, the mean droplet 
diameter varies almost linearly with the oxygen content in the chamber. For the highest oxygen concentration 
considered, the mean diameter of the droplet may reach 1.4 mm, a value which is around 30% higher than that 
corresponding to the almost unoxidized drop. However, the influence on the droplet shape begins to be evident only 
for oxygen concentrations higher than around 1500 ppm (see Fig. 4). Fig. 5 shows the shapes of two droplets 
generated with different oxygen contents in the chamber. Note that for a low oxygen content (33 ppm for the case of 
Fig. 5(a)), the roundness of the image is almost perfect (R a 1.0), while for a high oxygen content (2713 ppm for the 
case of Fig. 5(b)), the droplet is highly distorted, which may have an important effect on the impact outcome (see 
Fig. 2 of Reference [15]). 
       a                  b 
 
Fig.5. Droplet shapes just before the impact with different oxygen concentrations in the chamber. (a) 33 ppm O2 (R = 1.014; D0 = 1.092) and (b) 
2713 ppm O2 (R = 1.200; D0 = 1.253). 
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3.2. Droplet behavior after the impact: spreading and rebound 
As shown below, the droplet outcome after impact is also significantly affected by the oxygen content in the 
chamber. Fig. 6 shows image sequences (the time step between two consecutive frames is 0.57 ms) for comparing 
the impact of two droplets under conditions of low and high oxygen content (Fig. 6(a) and 6(b) show results for 200 
and 2400 ppm, respectively). These results demonstrate that the surface oxidation of the droplets may significantly 
affect the impact outcome. For the case with high oxygen content (Fig. 6(b)), the droplet spreads along the solid 
substrate reaching a maximum spreading diameter (measured over the wetted area) of 1.073D0 at 2.285 ms after the 
impact. Then, the droplet slightly oscillates to relax the interfacial energy and reaches a steady contact with the solid 
surface with diameter of 0.834D0. For the case with low oxygen content (Fig. 6(a)), the droplet reaches a maximum 
spreading diameter of 1.172D0 at 1.142 ms after the impact. Subsequently, a strong retraction of the liquid in contact 
with the solid surface is observed until the droplet completely detaches from the substrate at t = 4.571 ms and 
bounces up to 2.246 mm. Fig. 7 presents results for the maximum height H of the droplet rebound as a function of 
the oxygen content in the chamber. Note that H decreases as a function of the oxygen content due to the effect of the 
oxidized surface. Also note that for oxygen contents higher than around 1500 ppm, the droplets do not rebound. This 
behavior may be due to the influence of the oxidation phenomena on the properties of the liquid droplets such as 
viscosity or surface tension, and, as it can be observed in Figs. 6 and 7, the outcome of the droplet impact on the 
substrate is significantly affected. 
           a           b 
 
Fig. 6. Sequence (the time interval between two consecutives frames is 0.57 ms) of the droplet impact for two different oxygen content in the 
chamber: (a) 200 ppm (D0 = 1.098); (b) 2400 ppm (D0 = 1.285). 
 
 
116   R. Zamora et al. /  Procedia Engineering  132 ( 2015 )  110 – 117 
 
Fig. 7. Effect of oxygen content in the chamber on the height of droplet rebound. 
An estimation of the maximum height H reached by the droplet after rebound could be obtained from an energy 
balance during the impact event [16]. The known density of the Field’s alloy is U=7880 kg m-3. A surface tension 
coefficient V=0.43 N m-1 was measured at inert conditions to avoid the oxidation of the alloy and a contact angle 
T=138O during droplet spreading was measured from the recorded images during an experiment with low oxygen 
content (33 ppm). A rough estimation of the dynamic viscosity for this alloy may be 2 mPa s, which is in reasonable 
concordance with the known values for the pure metals In, Bi and Sn, and some values found in the literature (see, 
for example, References [10, 13]) for similar alloys. Taking into account these properties, the application of the 
above mentioned energy balance for a drop with D0 = 1.05 mm and impact velocity of 0.314 ms-1 gives H/D0 = 
2.1, a value which is in good agreement with the results presented in Fig. 7 for the lowest oxygen content.   
4. Conclusions 
A facility for the generation and deposition of molten metal micro droplets has been developed. Each component 
of the facility has been described and an analysis of the influence of the oxidation of the droplet surface on the 
impact outcome has been carried out. The results of this experimental analysis have shown a strong influence of the 
droplet surface oxidation on the size and shape of the generated droplets, as well as on the droplet impact and 
spreading. It has been shown that, for the conditions considered in this work, the oxide layer tends to inhibit the 
droplet rebound for values of the oxygen content in the chamber higher than around 1500 ppm. 
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